Annual nitrogen ( N ) , phosphorus ( P ) , and potassium ( K ) flows in agriculture in The Netherlands were identified and quantified in 1990, with special emphasis on pig production. Also, the effects that various management strategies in pig production have on NPK emission in 1990 were compared using a static deterministic simulation model. Ammonia emission from pig production in 1990 (60.9 Gg N ) exceeded the defined target for the year 2000 (12.7 Gg N). Measures that affect volatilization of ammonia directly (i.e., introduction of low-emission stables, manure storage facilities, or manure application techniques) reduced ammonia emission most effectively. These measures, however, should be combined with a reduction in application of artificial N fertilizer to avoid an increase in N losses through leaching, run-off, or denitrification. Targets for ammonia emission in the year 2010 require a reduction in the pig population of 24 to 62%, in addition to implications of measures described in this article. National NPK losses in 1990 through leaching, runoff, or denitrification, predicted at 223.5 kg/ha for N, 32.7 kg/ha for P, and 67 kg/ha for K, exceeded government targets for the year 2010 (185 kg N/ha; 8.7 kg P/ha; norm not set for K). Reducing application of artificial NPK fertilizer reduced national NPK losses most effectively. For P, use of phytase and feeding pigs in accordance with their P requirements is required, in addition to limited use of artificial P fertilizer, to meet targets for the year 2010. Hence, from an environmental point of view, pig production in The Netherlands is limited primarily by ammonia emission targets for the year 2010.
Introduction
In current agriculture in The Netherlands, there are large surpluses of nitrogen, phosphorus, and potassium (CBS, 1992) . These surpluses mainly are the result of large imports of NPK into the agricultural system through feed concentrates and artificial fertilizer, and small exports of NPK from the system through agricultural products (Table 1) . When the imports of nutrients exceed the exports in an agricultural production system, surplus nutrients are emitted into the environment and(or) accumulate in the soil. In the long term, nutrient emission and accumulation can lead to undesirable effects (e.g., reduced production capacity of the agricultural system, acidification, or eutrophication).
Analysis of the national NPK balance of agriculture in The Netherlands shows that livestock production is a major contributor (>80%) to existing NPK surpluses (Table 2) , with a predominant role for cattle contributing to N and for pigs contributing to P and K. Hence, measures to reduce existing NPK surpluses should concentrate on livestock production and on integration of livestock production with arable farming or horticulture.
Analysis of nutrient balances is a useful tool for quickly diagnosing the situation with respect to nutrient use in agricultural systems. For further insight into identifying major processes involved in nutrient losses, however, nutrient flows through the system should be quantified (van Keulen et al., 1996) .
Our first objective for this study was to identify and quantify NPK flows through the agricultural system in The Netherlands in 1990, with special emphasis on pig production. After these NPK flows have been identified and quantified, the effect of various management strategies can be studied. Our second objective was to determine the effects of various management strategies in pig production on NPK emission, using a static deterministic model. Table 1 . Annual balance of macronutrients nitrogen (N), phosphorus (P) and potassium (K) Table 2 . Distribution (%) of nutrient surpluses, nitrogen (N), phosphorus (P), and potassium (K), in Dutch agriculture in 1989 among various sectors a a Sources: CBS (1992); Dubbeldam (1993 
Materials and Methods
System Description. The main components of the agricultural system studied here are pig and crop production in The Netherlands, where crop production includes grassland production, arable farming, and horticulture. Cattle and poultry production were included in the system through their manure production only. The NPK flows through this system are given schematically in Figure 1 . Feed consumed by pigs originates from outside and from within the system. The amounts of NPK in pig manure equal the amounts in pig feed minus the amounts retained in pig tissue. During housing, outdoor storage of manure, and spreading of manure, N is lost through volatilization of ammonia. Pig manure, as well as cattle and poultry manure and artificial fertilizer, is applied to the soil. In addition to manure and artificial fertilizer, atmospheric deposition of gases and aerosols containing NPK enriches the soil. In the soil, NPK is taken up by the crop or is assumed lost to the environment (i.e., leaching, run-off, or denitrification). Crop losses of NPK return to the soil or volatilize as ammonia. Harvested crops are either consumed by pigs or leave the system in human food or animal feed. During storage and preservation of harvested crops, N volatilizes.
Description of the Main Model Relations
Pigs. In the pig production system, four categories of pigs were distinguished: fattening pigs, sows including pigs, rearing sows, and boars. The average number of animals in each category at a particular moment was determined by assuming that the distribution of sows farrowing over the year was uniform. By counting the number of animals present in each category on any one day, the average numbers of sows, rearing sows, and boars, relative to the average number of fattening pigs, were determined. The average number of sows ( N sows ) , relative to the number of fattening pigs ( N fp ) , is as follows:
where 365 is the number of days in a year, N ltrs is the number of litters per sow per year, PP fp is the production period of a fattening pig (days), LS r is the litter size at rearing (pigs/litter), R sow is the annual replacement rate of sows, and N prsow is the number of pigs required to rear one replacement sow. The average number of rearing sows ( N rsows ) , relative to the average number of fattening pigs ( N fp ) , is as follows:
where RP sow is the rearing period of a sow (days). The average number of breeding boars present at a particular moment, relative to the average number of sows present, was assumed to be 1:50 (LEI-CBS, 1993) . The average number of fattening pigs present in 1990 was set equal to 7.025 million (LEI-CBS, 1993) .
Feed. To quantify annual NPK intake in pig production, annual NPK intake for an average pig in Figure 1 . Nitrogen (top value), phosphorus (middle value), and potassium (bottom value) flow through the defined agricultural system (system surrounded by dotted line ---) in 1990 (in, respectively, gigagrams of N, P, or K). For a more detailed explanation, see methods (*other N losses comprise leaching, run-off, and denitrification).
each category was computed and multiplied with the average number of pigs present in each category. For a fattening pig, a rearing sow, and a boar, annual NPK intake ( I ) was determined as follows:
where WG is the weight gain in the production period (kilograms), FC the feed conversion (kilograms feed/ kilogram weight gain), C feed is the NPK content of the feed (grams/kilogram) and PP is the production period (days). For a sow and her pigs, annual NPK intake ( I sow ) was determined as follows:
where FI pgl is the total feed intake (kilograms) per pig, C feed pgl is the NPK content in pig feed (grams/ kilogram), FI sow is the annual feed intake (kilograms) per sow, and C feed sow is the NPK content in sow feed (grams/kilogram). The percentages of NPK originating from within and from outside the system were determined from information on imports of feedstuffs into The Netherlands (Dubbeldam, 1993) .
NPK Retention in Pig Production. To quantify annual NPK retention in pig production, annual NPK retention per pig in each category was computed and multiplied by the average number of pigs present in each category. For an average pig in all categories, annual NPK retention ( R pig ) was determined as follows:
where C tissue is the NPK content in pig tissue (grams/ kilogram body mass). For a sow and her pigs, annual NPK retention in pigs ( R piglets ) was added to [5] :
where LS b is the litter size at birth (pigs/litter), W pglb is the weight of a newborn pig (kilograms), W pglr the weight of a pig after rearing (kilograms), C pglb is the NPK content in a newborn pig (grams/kilogram body mass), and C pglr is the NPK content in a pig after rearing (grams/kilogram body mass).
NPK Excretion.
To quantify annual NPK excretion in pig production, annual NPK excretion per pig in each category was computed and multiplied by the average number of pigs in each category. The NPK excretion for a pig in each animal category was determined as annual NPK intake minus annual NPK retention. Annual NPK excretion in cattle and poultry manure are input parameters to the system and are quantified by multiplying the average number of animals in 1990 (LEI-CBS, 1993) by their average annual NPK excretion (WUMM, 1994a,c) .
Ammonia Volatilization. Ammonia volatilization from cattle manure was set to 100 Gg N, of which 30% is lost during housing and outdoor manure storage, 20% during grazing, and 50% during manure spreading (CBS, 1992) . Ammonia volatilization from poultry manure was set to 24 Gg N, of which 58% is lost during housing and outdoor manure storage, and 42% during manure spreading (CBS, 1992) . Ammonia volatilization from artificial fertilizer is very low and was therefore set to zero (van de Ven, 1996) . Assessing the quantity of ammonia emitted from pig manure requires a distinction between N in mineral form and N in organic form. Although some mineral N may be present in feces, originating from feces decomposition, mineral N in feces was assumed to be negligible. Hence, mineral N was assumed to be equal to urine N (Tamminga, 1992) . Computation of ammonia emitted from pig manure requires the percentage of mineral N that volatilizes during housing, manure storage, and manure spreading in addition to the distribution of N in feces and urine.
Soil. Animal manure and artificial fertilizer are applied to the soil. Inorganic NPK in the soil available for crop uptake originate from artificial fertilizer and animal manure, from decomposition of soil organic matter and animal manure, and from deposition of NPK. Inorganic NPK not taken up by harvestable crops are assumed to be lost to the environment, implying an equilibrium NPK situation in the soil. In such a situation, annual replenishment of NPK in organic form by immobilization, by harvesting losses, and by manure equals annual release of inorganic NPK through decomposition of organic material. In addition, it is assumed that annual NPK uptake by non-harvestable plant parts (i.e., roots and stubble) equals annual NPK release by decomposition of nonharvestable plant parts.
The amount of N lost through ammonia volatilization during manure application depends on the fraction of mineral N in animal manure (Tamminga, 1992) and on the application technique. Inorganic N not taken up by the crop is lost through denitrification, leaching, or run-off. Denitrification is the transformation of NO 3 into gaseous forms ( N 2 , N 2 O, and NO x ) and may take place in the soil any time during the year. Surface run-off occurs when water with dissolved NPK cannot infiltrate into the soil. After infiltration, NPK not taken up by the crop are subject to leaching (i.e., nitrate [NO 3 ] or phosphate [P 2 O 5 ]) when the soil cannot store the water containing dissolved NPK. No distinction is made among N losses through these three processes.
Inorganic N loss, however, is partly avoidable and partly unavoidable. Unavoidable N loss is associated with the continuous mineralization of N from organic matter. Inorganic N formed outside the growing season cannot be taken up by the crop and is lost unavoidably. The average ratio of avoidable and unavoidable N losses in crop production has been derived from the processes in grass and the four main arable crops: potatoes, cereals, maize, and beets (Sluijsmans and Kolenbrander, 1977) . Hence, for crop production in 1990, 18% of the soil organic matter contributes to unavoidable N losses annually.
Deposition. Atmospheric deposition of N consists of nitrogen oxides (NO x ) and ammonia (NH x ) . The contribution of agriculture to the national deposition of NO x in 1990, 10.8 kg/ha, is negligible (Erisman, 1995) and was set to zero, whereas its contribution to the national deposition of NH x in 1990, 31.4 kg/ha (Erisman, 1995) , is 76% (CBS, 1992) . Hence, strategies that reduce NH 3 emission in pig production were assumed to result in a corresponding reduction in N deposition. National deposition of P and K in 1990, originating mainly from the industry, was assumed to be 1 kg/ha for P and 5 kg/ha for K (CBS, 1992) .
NPK Retention in Crop Production.
The NPK uptake by the crop is quantified by multiplying crop yield exported from the field (LEI-CBS, 1993) by its NPK content (CBS, 1992) . The computed NPK uptake was based on values for grass products and the four main arable crops that covered 88% of the arable land in 1990 (LEI-CBS, 1993): potatoes, cereals, maize, and beets.
Crop Losses. Part of the crop is lost during growth and harvesting, and it remains in the field. Crop losses decompose and mineralized NPK are taken up by the crop or are lost through leaching, run-off, or denitrification. Crop losses are assumed equal to 15% of the total uptake by the vegetation (Biewinga et al., 1992) . It was assumed that 20% of the N is lost through volatilization of ammonia during decomposition of crop residues.
Processing and Preservation Losses. During processing and preservation of animal feed, ammonia volatilizes, which was set at 5% of the total N content of the crop (Biewinga et al., 1992) .
Management Options
According to the stated objectives, model behavior was studied by evaluating the basic situation in 1990. Values for model parameters in pig production in 1990 are given in Table 3 . Six management strategies were compared for pig production.
Strategy 1: Reducing NP Intake by Pigs. Nutrition can contribute substantially to reducing N and P excretion by pigs, by supplying N and P in the feed in accordance with requirements or through introduction of three-phase or even multiple-phase feeding for fattening pigs (Jongbloed and Lenis, 1992) . Information on reducing K excretion by pigs through nutrition, however, is limited.
In Strategy 1, the NP intake of a fattening pig, a sow, and a rearing sow was decreased through introduction of a phase feeding, addition to the diet of synthetic amino acids (i.e., methionine and lysine) and of the enzyme phytase, and feeding pigs more in accordance with their NP requirements (Jongbloed and Lenis, 1992) .
A fattening pig in 1990 consumed an average of 146 kg of starter feed and 610 kg of fattening feed (WUMM, 1994b) . Given the NPK content in these feeds (Table 3) , annual intake of N was 20.3 kg, of P was 3.8 kg, and of K was 8.5 kg for a fattening pig in 1990. In Strategy 1, we assumed that a fattening pig consumed 146 kg of starter feed, 237 kg of grower feed, and 373 kg of fattening feed. Reducing N supply in pig feed in accordance with requirements and adding methionine and lysine in the diet allows a N content of 24 g/kg of starter feed, 23.2 g/kg of grower feed, and 21.6 g/kg of fattening feed (Jongbloed and Lenis, 1992) . Hence, in this strategy, annual N intake of a fattening pig decreases by 16% compared with the base year 1990. Addition of phytase in the diet allows a P content of 4.7 g/kg starter feed, 4.4 g/kg grower feed, and 4 g/kg fattening feed (Jongbloed and Lenis, 1992) , reducing annual P intake of a fattening pig by 16%. A sow in 1990 consumed an average of 1,101 kg of sow feed (WUMM, 1994b) . Given the NPK content in sow feed, (Table 3) , annual intake of N was 28.9 kg, of P was 7.3 kg, and of K was 12.4 kg for a sow in 1990. In Strategy 1, we assumed that a sow consumed different feeds during lactation (440.4 kg) and gestation (660.6 kg). Reducing N supply in sow feed in accordance with her requirements and adding methionine and lysine in the diet allows a N content of 22.4 g/kg feed during lactation and of 18.4 g/kg feed during gestation (Jongbloed and Lenis, 1992) . Hence, in this strategy, annual N intake of a sow decreases by 23.7% compared with the base year. Addition of phytase in the diet allows a P content of 5 g/kg feed during lactation and of 4 g/kg feed during gestation, reducing annual P intake of a sow by 33.4%.
A rearing sow in 1990 consumed an average of 124 kg of starter feed, 424 kg lacto-feed, and 177 kg sow feed (WUMM, 1994b) . Given the NPK content in these feeds (Table 3) , annual intake of N was 19.3 kg, of P was 4.6 kg, and of K was 8.2 kg for a rearing sow in 1990. Adding methionine and lysine to the diet allows a N content of 24 g/kg starter feed, 22.4 g/kg lacto-feed, and 22.4 g/kg sow feed. Hence, annual N intake of a rearing sow decreases by 15% compared to the base year. Addition of phytase in the diet allows a P content of 4.7 g/kg starter feed, 5 g/kg lacto-feed, and 4.4 g/kg sow feed (Jongbloed and Lenis, 1992) , reducing annual P intake by 25%.
Strategy 2: Improving Feed Conversion of Fattening
Pigs. Feed conversion of fattening pigs in 1990 was 2.88 (see Table 3 ). Technical and economical administration data from 1981 until 1994 in pig production show an annual decrease in feed conversion of fattening pigs of .02 (TEA, 1995) . Strategy 2 assumes therefore a decrease in feed conversion of .2 during 10 yr, resulting in a feed conversion for fattening pigs of 2.68. Table 3 ). Technical and economical administration data from 1981 until 1994 in pig production show an annual increase in the number of pigs reared/sow of .35 (TEA, 1995) , as a result of an increase in litter size at birth, a decrease in pig mortality, and an increase in the number of litters/sow per year. Strategy 3 assumes therefore an increase in the number of pigs reared/sow of 3.5 during 10 yr, as a result of an increase in litter size at rearing of .78 (TEA, 1995) and an increase in the number of litters/sow of .18 during this 10-yr period, resulting in 23.9 pigs/sow per year.
Strategy 4: Increasing NPK Retention in Pig Tissue.
According to WUMM (1994b) , N retention in a 108-kg fattening pig in 1990 equaled 2.48 kg (Coppoolse et al., 1990 ). This characteristic, however, shows a wide variation (Jongbloed, 1987) . With the Dutch Technical Model for Pig Feeding, Jongbloed and Lenis (1993) estimated N retention in a 106-kg gilt of 2.74 kg and in a 106-kg barrow of 2.62 kg. Hence, assuming fattening of 50% gilts and 50% barrows until 108 kg, average N retention in a fattening pig of 108 kg was 2.73 kg, which is 10% higher than assumed in the base year 1990. Similar to N retention, P and K retention in fattening pigs were assumed 10% higher in Strategy 4.
Strategy 5: Reducing Ammonia Emission from Pig
Manure. A considerable part of the N excreted volatilizes from stables and manure storage. In 1990, annual ammonia emission/animal place was 2.8 kg for fattening pigs and 8 kg for sows (van der Hoek, 1994) . Given an annual occupation rate of 89% for fattening pigs and 100% for sows, the percentage of mineral N that volatilizes from manure (i.e., the NH 3 -emission factor) was estimated at .23 for fattening pigs and at .27 for sows. For rearing sows and boars, the NH 3 -emission factor was assumed to be equal to that for fattening pigs (i.e., .23). In Strategy 5, annual ammonia emission/animal place was set to 1.5 kg for fattening pigs, resulting in an emission factor of .12. Annual ammonia emission/animal place was set to 4 kg for lactating sows and to 2.5 kg for nonlactating sows, resulting in an emission factor of .09 for sows. Stables with these reduced levels of ammonia emission are called Green-Label stables (Lekkerkerk et al., 1995) .
In 1990, only 70% of outdoor storage of pig manure was covered. Annual emission of mineral N was 145 g for an average fattening pig and 471 g for an average sow (van der Hoek, 1994) . Since 1991, all manure storages built after 1987 must be covered. Hence, in Strategy 5, all pig manure storage facilities are assumed to be covered, resulting in an annual emission of mineral N of 66 g for fattening pigs and 214 g N for sows (van der Hoek, 1994) .
On grassland in 1990, surface spreading of animal manure was assumed (van der Hoek, 1994), resulting in an emission of 59% of the mineral N (Brandjes et al., 1995) . On arable and horticultural land, however, manure was assumed to be incorporated into the soil immediately after spreading (van der Hoek, 1994), resulting in an emission of 17% of the mineral N (Brandjes et al., 1995) . Since 1995, animal manure must be applied by means of a low-emission technique (e.g., injection or incorporation into the soil). In Strategy 5, we assumed, therefore, that pig manure applied to grassland was injected instead of spread, resulting in an emission of only 4% of the mineral N (Brandjes et al., 1995) . Furthermore, it is assumed that animal manure is uniformly distributed over grassland, horticultural, and arable land.
Strategy 6: Reducing the Use of Artificial Fertilizer.
In Strategy 6, application of artificial fertilizer was reduced with avoidable NPK losses, assuming no reduction in crop production. Hence, this strategy shows the ultimate effect of reducing the use of artificial NPK-fertilizer on national NPK losses.
Results

Basic Situation in 1990
Annual NPK flows through the agricultural system in the reference year 1990 are given in Figure 1 .
The major part of the NPK in pig feed is imported into the system and originate mainly from foreign countries, except for NPK in poultry fat, cattle oil, or whey powder. From the total NPK intake of pigs, only a small part is converted into pig tissue (e.g., meat and bones: 29% for N, 31% for P, and 6% for K). The major part of the NPK intake by pigs is excreted in manure, which can be valuable through application to agricultural land.
Before application of pig manure to the land, N losses occur through volatilization of ammonia during housing and outdoor manure storage (28 Gg N). Nitrogen losses during housing and outdoor storage were set to 30 Gg N for cattle and to 14 Gg N for poultry (CBS, 1992) . Because cattle and poultry production were included in the system through their manure production only (Figure 1) , N losses during housing and outdoor manure storage of cattle and poultry occurred outside the defined system.
In addition to animal manure, artificial fertilizer and deposition of NPK contribute to the NPK load of agricultural land (i.e., .8 × 10 6 ha arable land; 1.1 × 10 6 ha grassland, and .09 × 10 6 ha horticultural land). From the total NPK input in the crop production system the majority is taken up by the crop: 50% for N, 53% for P, and 80% for K. Hence, relative NPK retention in crop production is higher than relative NPK retention in pig production. Unlike in pig production, however, NPK not taken up by crop production are assumed lost to the environment through ammonia volatilization, leaching, run-off, or denitrification.
Ammonia emission during spreading of animal manure equaled 93 Gg N. Cattle production accounted for 54%, pig production for 35%, and poultry production for 11% of total emission during manure spreading. Nitrogen loss through volatilization during cattle grazing was set to 20 Gg N (CBS, 1992). Cattle production accounted for 54%, pig production for 33%, and poultry production for 13% of the total ammonia emission from livestock production in 1990 (i.e., 185 Gg N).
National N loss, which includes N losses due to leaching, run-off, or denitrification, was 445 Gg N, or 223.5 kg N/ha of agricultural land. This N loss comprised 10% unavoidable losses and, therefore, 90% avoidable losses. The avoidable national N loss (i.e., 400 Gg N ) is smaller than annual use of artificial N fertilizer (i.e., 412 Gg N; see Figure 1 ). National P loss from leaching and run-off was 65 Gg P, or 32.7 kg P/ha of agricultural land. In contrast to national N loss, national P loss exceeded annual use of artificial P fertilizer (i.e., 33 Gg P; Figure 1) . National K loss from leaching and run-off was 133 Gg K, or 67 kg K/ha of agricultural land. Similar to the national P loss, national K loss exceeded annual use of artificial K fertilizer (i.e., 82 Gg K; Figure 1 ). Table 4 contains two emission parameters: total ammonia emission from pig production (NH 3 -pigs in Gg N ) and the national NPK loss (in kg NPK/ha agricultural land). Total ammonia emission from pig production (e.g., 60.9 Gg N in 1990) is the result of ammonia emission during pig housing and storage of pig manure (i.e., 28 Gg N in 1990; Figure 1 ), plus ammonia emission during spreading of pig manure (i.e., 32.9 Gg N ) in 1990 (i.e., 35% of 93 Gg N). The national NPK loss equals the amount of inorganic NPK that is accessible for crop uptake annually minus the annual NPK crop uptake (see methods), expressed per hectare of agricultural land. This national NPK loss comprises NPK losses due to leaching, runoff, or denitrification.
Management Strategies in Pig Production
Nitrogen Losses. As expected, introduction of lowemission stables, manure storage, and manure application techniques (Strategy 5 ) reduced NH 3 -pigs most effectively (i.e., NH 3 -pigs reduced by 72% from 60.9 to 16.8 Gg N). However, Strategy 5 increased national N loss from 223.5 to 240.9 kg N/ha (i.e., an increase of 8% relative to the 1990 base). Nitrogen that did not volatilize due to introduction of low-emission housing, manure storage, and manure application techniques was lost through leaching, run-off, or denitrification. Hence, measures that reduce ammonia emission in livestock production directly should be combined with a reduction in the application of N fertilizer.
Reducing N intake by pigs through nutritional measures (Strategy 1 ) reduced NH 3 -pigs from 60.9 to 47.5 Gg N (i.e., a 22% emission reduction relative to the 1990 base). National N loss, however, decreased from 223.5 to 213 kg N/ha (i.e., a reduction of only 5% relative to the 1990 base). This is because the national N loss in 1990 was mainly caused by N in artificial fertilizer and N in cattle manure, and not by N in pig manure (see Figure 1) .
In 1990, national N loss was 223.5 kg N/ha and comprised 10% unavoidable and 90% avoidable losses. National avoidable N loss in 1990 (i.e., 200.8 kg N/ ha) was smaller than annual application of artificial N fertilizer (i.e., 207.2 kg N/ha). Theoretically, therefore, reducing application of artificial N fertilizer (Strategy 6 ) reduced national N loss most effectively (i.e., national N loss reduced by 90%) from 223.5 to 22.7 kg N/ha (i.e., the unavoidable N loss).
Strategies 2 through 5 reduced NH 3 -pigs and national N loss only slightly (Table 4) ; reductions relative to the 1990 base varied from 1 to 7%. Hence, improving feed conversion of fattening pigs, increasing the annual number of pigs/sow, or increasing N retention in fattening pigs would only slightly reduce environmental problems in The Netherlands.
Phosphorus Losses. Reducing P intake by pigs through nutritional measures, such as addition of phytase in the diet (Strategy 1), reduced national P loss from 32.7 to 29 Gg P (i.e., an 11% reduction relative to the 1990 base). Improving feed conversion in fattening pigs (Strategy 2), increasing the annual number of pigs/sow (Strategy 3), or increasing P retention in fattening pigs (Strategy 4 ) reduced national P loss only slightly; reductions relative to the 1990 base varied from 1 to 3%. National P loss was reduced most effectively from 32.7 to 16 kg P/ha by using no artificial fertilizer (Strategy 6), a reduction of 51% relative to the 1990 base.
Potassium Losses. In Strategy 1, NP intake by pigs was reduced through nutritional measures, whereas K intake by pigs was unaffected. Consequently, Strategy 1 did not affect national K loss. Improving feed conversion in fattening pigs (Strategy 2), increasing the annual number of pigs/sow (Strategy 3), or increasing K retention in fattening pigs (Strategy 4 ) reduced national K loss only slightly; reductions relative to the 1990 base varied from 1 to 3%. National K loss was reduced most effectively from 67 to 25.9 kg K/ha by using no artificial K fertilizer (Strategy 6), a reduction of 61% relative to the 1990 base.
Discussion
Volatilized ammonia, originating mainly from livestock production, contributes potentially to acidification and eutrophication of woodlands and other ecosystems; in 1980 NH x accounted for 31% of the acid deposition in The Netherlands (Lekkerkerk et al., 1995) . Hence, in this study ammonia volatilization was considered an important emission factor. Total ammonia emission from livestock production in 1990 was 185 Gg N; cattle production explained 54%, pig production 33%, and poultry production 13%. The government in The Netherlands has defined targets for ammonia emission reduction in the year 2000 (e.g., 70% reduction compared to the situation in 1980). For pig production, maximum acceptable ammonia emission in the year 2000 will be 12.7 Gg N. Results show that ammonia emission in 1990 was still unacceptably high and should be reduced to reach government targets. Comparison of various management strategies in pig production showed that ammonia emission was reduced most effectively through measures that affect ammonia volatilization directly (e.g., introduction of low-emission stables, covering of manure storage facilities, and low-emission manure application techniques). Such measures, however, should be combined with a reduction in application of artificial N fertilizer to avoid an increase in national N loss/hectare agricultural land. From all measures that reduce ammonia volatilization indirectly (Strategies 1 through 4), only Strategy 1 (i.e., reducing N intake by pigs) reduced ammonia emission substantially. Improving feed conversion (Strategy 2), increasing annual number of pigs/sow (Strategy 3), or increasing N retention of fattening pigs (Strategy 4 ) decreased ammonia emission only slightly. When all measures to reduce ammonia emission in pig production were combined, however, ammonia emission was lower than targets defined for 2000. Regionally, however, ammonia emission can be significantly higher than the national average predicted in this study (Lekkerkerk et al., 1995) . Regionally, therefore, a decrease in the pig population might be necessary to reach government targets for 2000. Relocation of pig farms to regions with low ammonia emission might be a solution.
Government targets for ammonia emission in 2010 require an 80 to 90% reduction compared to 1980, a maximum acceptable ammonia emission in pig production of 4.2 to 8.5 Gg N. Targets for 2010, therefore, require a reduction of the pig population of 24 to 62%, in addition to a national introduction of measures such as low-emission stables. National introduction of low-emission pig stables, for example, also means a large investment for pig farmers, which can result in disappearance of marginally profitable farms.
In addition to ammonia emission, national NPK loss/hectare agricultural land was quantified in this study. This NPK loss is determined as the annual amount of inorganic NPK that is, in principle, accessible for crop uptake minus the actual annual NPK crop uptake. This national NPK loss comprises leaching and run-off of nitrate and phosphate into ground and surface water and denitrification of soil nitrate. Leaching of nitrate, and especially of phosphate, into ground water results in eutrophication of ground water and, eventually, due to contact of ground water with surface water, in eutrophication of surface water. Eutrophication of surface water is caused, furthermore, by surface run-off of nutrients dissolved in water, such as nitrate and phosphate, or by direct dumping of nitrate and phosphate into surface water. Industry and sewage installations are mainly responsible for eutrophication of surface water through direct dumping of nitrate and phosphate, whereas agriculture is mainly responsible for eutrophication of surface water through contact with ground water or through surface run-off. In 1990, agriculture was responsible for 25% of the phosphate and 70% of the nitrate in surface water (Anonymous, 1994) .
Eutrophication of ground and surface water, especially with nitrate, is a serious threat to the use of this water for drinking. To reduce eutrophication of ground and surface water, the Ministers of Agriculture, Nature Management and Fisheries and of the Environment recently proposed an acceptable loss of 275 kg N/ha and 15.3 kg P/ha for the year 2000. In 2010, ultimately, proposed targets are 180 kg N/ha and 8.7 kg P/ha. For K, norms have not yet been formulated (Anonymous, 1995) . In 1990, national NPK loss was estimated at 223.5 kg N/ha, 32.7 kg P/ha, and 67 kg K/ ha. Hence, national N loss in 1990 (223.5 kg N/ha) was lower than the defined target for 2000 (275 kg N/ ha), whereas it exceeded the defined target for 2010 (180 kg N/ha). When all strategies to reduce national N loss in 1990 were combined, however, national N loss was significantly lower than defined targets for 2010. This allows a maximum application of artificial N fertilizer of 161.3 kg N/ha. In this study, however, ammonia emission only in pig production was reduced. Introduction of measures to reduce ammonia emission in cattle and poultry production, however, means that the maximum application of artificial N fertilizer will be lower than 161.3 kg N/ha. For example, assuming 70% reduction of ammonia emission in cattle and poultry production (i.e., the defined target for the year 2000) results in a maximum application of artificial N fertilizer of approximately 125 kg N/ha. Hence, defined targets for national N loss do not require a reduction of the livestock population. Regionally, however, N loss might be higher than national N loss. Regional differences in N loss, however, can be overcome by transportation only of manure and does not require relocation of farms.
The national P loss in 1990 of 32.7 kg P/ha was unacceptably high. Even when no artificial P fertilizer was used in 1990, the national P loss of 16 kg P/ha was higher than the target defined for 2000 (15.3 kg P/ha). According to the target for 2010 of 8.7 kg P/ha, a reduction in national P loss of 7.3 kg P/ha is required in addition to using no artificial P fertilizer. The amounts of P-excretion by cattle, pig, and poultry in Figure 1 show that pig production is responsible for 31% of this reduction of 7.3 kg P/ha in national P loss (i.e., 2.3 kg P/ha). Introduction of measures to reduce P excretion described in this article (Strategies 1 through 5 ) results in a reduction of 5.4 kg P/ha in national P loss. Defined targets concerning the national P loss, therefore, do not require a reduction of the pig population and allow the use of some artificial P fertilizer (approximately 3 kg/ha). Hence, if it were possible to reduce P excretion by cattle (Oosting et al., 1996) or chickens (van Krieken and Kwakkel, 1996) , additional artificial P fertilizer could be applied. Application of P fertilizer probably will be necessary to maintain crop production at current levels, as assumed in this study.
Our conclusions, however, assume national treatment of the manure problem and full acceptability of animal manure by arable farmers. National treatment of the manure problem implies transport of manure and, consequently, use of fossil energy. The question of whether use of fossil energy limits pig production more than does ammonia emission requires further study.
Implications
Combined with defined targets for nutrient emissions, quantification of nutrient flow in an agricultural system at the regional or national level can be used to assess the carrying capacity of that region or nation. From an environmental perspective, pig production in The Netherlands is limited primarily by ammonia emission targets defined for the year 2010 (i.e., an 80 to 90% reduction relative to 1980). These targets require a 24 to 62% reduction in the pig population and national introduction of measures such as lowemission stables, manure storage facilities, improved manure application techniques, and reduction of nitrogen intake by pigs.
